Interfacial interaction between host matrix and nanofillers is a determinative parameter on the mechanical and thermal properties of nanocomposites. In this paper, we first investigated interaction between carbon nanotube (CNT) and montmorillonite clay (MMT) absorbing on epoxy surface in a theoretical study based on the density functional theory (DFT) calculations. Results showed the interaction energy of -1.93 and -0.11 eV for MMT/epoxy and CNT/epoxy, respectively. Therefore, the interaction between epoxy polymer and MMT is of the chemisorptions type, while epoxy physically interacts with CNT. In addition, thermal and mechanical analyses were conducted on nanocomposites. In DSC analysis the glass transition temperature which was 70 ∘ C in neat epoxy composite showed an improvement to about 90 ∘ C in MMT nanocomposites while it was about 70 ∘ C for CNT nanocomposites. Finally, mechanical properties were investigated and MMT nanocomposite showed a change in compressive strength which increased from 52.60 Mpa to 72.07 and 92.98 Mpa in CNT and MMT nanocomposites, respectively. Also tensile strength improved to the value of 1250.69 Mpa MMT nanocomposites while it was about 890 Mpa in both CNT nanocomposite and neat epoxy composite which corresponds to the calculation result prediction.
Introduction
Epoxy matrix composites are one of the most common thermosetting polymers that are widely used because of properties including solvent resistance, thermal stability, and high tensile strength and still new research continues to improve these properties [1] [2] [3] [4] [5] [6] . These characteristics made epoxy composites to be used in industrial applications such as adhesives, coatings, electronics, encapsulation, and laminates. To improve the aforesaid properties nanofillers are introduced to epoxy matrix which is examined by mechanical and thermal analysis of neat polymer and nanocomposites to monitor change of nanofiller curing [7] [8] [9] [10] . A promising method to study the efficiency of nanofillers is calculating interfacial interaction between the nanofiller and the polymer matrix that can facilitate and reduce costs of unnecessary tests. The factors that play a major role in the properties of nanocomposites are nanoparticle-matrix interaction and particle-particle interaction. The quality of interface and the strength of the adhesion at the interface provide load transfer between the host matrix and the nanofillers. Also in case of increased interfacial binding, mechanical properties of the nanocomposites would be improved. So it would be pleasant to estimate the interfacial interaction energy. As it is difficult to approximate interfacial interaction in experiments calculation methods can be a good option. There are different calculating methods such as molecular mechanics (MM), molecular dynamics (MD), and ab initio quantum mechanical methods [11] [12] [13] [14] [15] . Among them ab initio quantum mechanical calculations provide more accurate results than other classical methods. Hartree-Fock (H-F) and density functional theory (DFT) calculations are two ab initio quantum mechanics methods and in the case of large number of atoms DFT method is very efficient [16] [17] [18] [19] [20] [21] . In many cases, the results from the DFT calculations for solid-state systems agree quite satisfactorily with experimental data. Therefore, the interaction between different types of nonmaterial as fillers and the epoxy polymers can be studied using this method. In an investigation accomplished by Ghorbanzadeh et al. [22] , the interaction of epoxy monomer with different types of SWCNTs was studied using DFT calculations, in which the calculated results of interaction energy values showed weak binding between the epoxy and different types of SWCNTs that was in the range of -0.05 to -0.22 eV and typical for the physisorption. The adsorption of the epoxy monomer on the surface of the functionalized nanotube indicated that -OH and -NH 2 functional groups increase the physisorption capability of the nanotube to approximately -0.41 and -0.38 eV.
The aim of the present work was to predict and compare the interaction between epoxy matrix and SWCNTs and clay as fillers using calculation methods and then proof the results by experimental methods. DFT calculations were used to estimate interaction between epoxy matrix and nanofillers, and the accuracy of the results was tested by mechanical and thermal properties of two different nanocomposites.
Methodology
. . Structural Models and Force Field Parameters. Both systems were optimized by the self-consistent charge density functional tight-binding (SCC-DFTB) calculations implemented in the DFTB+ program package [23, 24] . The geometrical optimizations were performed using the conjugate gradient algorithm and the total energy calculations of the systems were accomplished inside the framework of DFT, as implemented in the Spanish Initiative for Electronic Simulations with Thousands of Atoms (SIESTA) code [25] [26] [27] [28] . The exchange and correlation potential were obtained utilizing a generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional theory [29] . All of the calculations were solved using a double-z plus polarization (DZP) basis set with an energy shift of 50 meV. Along the CNT tubes, k-points were used for the axes with a 1 × 1 × 5 Monkhorst Packgrid for the Brillouin zone integration.
The montmorillonite model is based on a 5.180 × 8.980 × 15.000Å 3 unit cell structure obtained by single crystal X-ray refinement [30] and the initial unit cell was replicated (2 × 2 × 1) along a, b, and c crystallographic directions, respectively. This resulted in a super cell MMT layer of a total of 4 unit cells (Figures 1(a) , 1(b), and 1(c)) and the k-points were used for the axes with a 5 × 5 × 1 Monkhorst-Pack grid.
The mesh cut-off was chosen to be 120 Ry for all calculations. Adding ghost atoms to the calculation of the isolated absorbent, the basis set superposition error (BSSE) was eliminated [31] . By employing basic functions the ghost atoms do not affect the calculation. Hence the same degrees of freedom are available to the wave functions in all of Advances in Polymer Technology 3 the calculations. This procedure is named the counterpoise method. The interaction energy for the absorption of the epoxy onto the nanofillers surface was achieved through the following expression:
where is the total energy of the nanofiller interacting with the epoxy polymer. The 'ghost' nanofiller/epoxy correspond to the counterpoise method.
Experimental
. . Materials. As a matrix for preparing a polymeric nanocomposite, D. E. R. 332 epoxy resin from Sigma Aldrich with an epoxy equivalent weight of 175 equiv. g -1 was used. Triethylenetetramine, which is a liquid aliphatic amine with a molecular weight of 146.24 g.mol -1 and density of 0.977 g.mol -1 at 20 ∘ C, was used as a hardener and was purchased from Merck. SWCNT was purchased from Sigma Aldrich and used without further purification. The average diameter of the used SWCNT was 0.78 nm and its purity was more than 95%. Natural VVf was also purchased from Sigma Aldrich.
. . Sample Preparation. 40 g of epoxy was heated at 50
∘ C and then optimum weight of nanofiller dispersed into the solution by mechanical stirrer in 10 min. In the next step, a stoichiometric ratio of the diamine was added to the mixture and stirred mechanically for additional 10 min and finally ultrasonicated for approximately 15 min. The samples were prepared, molded, and placed in vacuum for 15 minutes in ambient temperature, afterward cured in two cases: for about 30 min in 60 ∘ C and then 1 hour in 100 ∘ C. Neat epoxy specimens were prepared as the same method.
. . DSC Analysis. The optimum weight of nanofiller was obtained by determining the reaction enthalpy of the exothermic peak on dynamically cured samples involving various nanofiller concentrations (0%, 1%, 3%, 5%, 10%, and 15%). The amounts of MWCNT and MMT were selected 5% and 10%, respectively, based on the maximum value of ûH in DSC measurements. A NETZSCH DSC 200 F3 unit was employed for calorimetric analysis. Dynamic DSC experiments were conducted in nitrogen atmosphere at temperature range of 25-300 ∘ C at constant heating rate of 20 ∘ C.min -1 and then reheated from 25 to 250 by the heating rate of 10 ∘ C.min -1 to investigate glass-transition temperature for each sample. DSC samples were prepared for one gram of epoxy.
. . Tensile Test. Samples were tested by a Santam testing unit. The gauge length was 50 mm. The tensile tests were conducted at 0.5 and 2 mm.min -1 of cross head speed, and the elongation of the gauge length was measured by a noncontact extensometer. At least five specimens from nanocomposites were used for the experiments. 
. . Scanning Electron Microscopy (SEM)
. SEM micrographs on the fracture surface of the epoxy nanocomposite were obtained with a Tescan Scanning Electron Microscope (SEM) operated at 10 kV. In order to observe the images clearly, a thin film of gold was sputtered at 10 mA for 45 s on the surface of the probe using a Hummer 600 sputtering system.
Results and Discussion

. . Interaction Energy between the Epoxy Monomer and
SWCNTs. DFT calculations were performed to determine the influence of nanotube on epoxy desorption in bisphenol A epoxy monomer and (10, 0) SWCNT systems. The diameter and length of SWCNT were 7.774Å and 20.44Å, respectively. The interaction energy calculated for the situation that epoxy monomer approached the sidewall of the carbon nanotube (Figures 2(a) and 2(b) ) and the result for the epoxy monomer absorbed on the surface of the nanotube was -0.11 eV for the stable configuration of (10,0) nanotube as was also published in a work by Ghorbanzadeh et al. [22] . Figure 2 demonstrates different situation epoxy monomer approaching to SWCNT.
Montmorillonite. The interaction energy of epoxy approaching to the TOT plane of montmorillonite was calculated ( Figure 3) and Table 1 shows the optimized results for the epoxy monomer absorbed on the epoxy/MMT system along with the interaction energies and the equilibrium distances between the closest atom of the epoxy and the layer of montmorillonite in different situation of epoxy monomer approaching the surface of MMT. As it can be concluded from the data in Table 1 the best interaction energy is -1.93 which corresponds to a situation that epoxy has more interfacial surface with MMT. The interaction energy of the system is obviously higher than the interaction energy between epoxy and carbon nanotube and its value indicates the chemical absorption of epoxy on the clay which can be due to more adhesion. among the electrons. This distribution determines the probability that a given energy state will be occupied, but must be multiplied by the density of states function to weight the probability by the number of states available at a given energy [32] . Figure 4 presents the total electronic density of states (DOS) between -5 and 5 eV, where the Fermi level (E f ) is set at 0 eV for systems. DOS near the Fermi level is not affected by the adsorption of epoxy monomer on CNT surface, and the DOS of the combined system is nearly a superposition of the DOS of the individual parts. Therefore, the interaction between the epoxy monomer and the nanotube is weak. In contrast, DOS in Fermi level is affected by adsorption of MMT on epoxy and shows increased intensity. Furthermore, DOS in HOMO and LUMO shifted to Fermi level. Result indicates that epoxy adsorption induces a resonant peak near the Fermi level, which can reveal electron transfer from MMT to epoxy in adsorbing process [33] .
. . . Mullikan Population Analysis. Mullikan population analysis is also accomplished and the results show 0.37 e transfer from MMT to epoxy monomer. This is in fact more than CNT-epoxy system which was 0.2 e. Mullikan population results also show stronger interaction between MMT and epoxy.
. . Experimental . . . DSC Studies. Differential Scanning Calorimetry can investigate various characteristics of thermosetting composites such as temperature and calories in curing reaction. Also DSC technique is one of the most common methods to study -transition of polymer composites and nanocomposites [34] . In this study DSC analysis was employed to find the optimum loading for SWCNT and MMT in epoxy. Figures 5  and 6 show the dynamic DSC curves of 0, 1, 3, 5, 10, and 15% of weight of SWCNT and MMT epoxy nanocomposites. The exothermic peak, cure, and glass-transition temperatures of all the studied systems are summarized in Table 2 . From data obtained in DSC analysis of different loadings of SWCNT and MMT, optimum value of SWCNT and MMT was chosen to be 5 and 10% of weight.
Obviously a better correction of the glass-transition temperature is observed in the MMT nanocomposite which reached from about 70 ∘ C in neat epoxy to about 90 ∘ C in MMT nanocomposite (detailed results are presented in Table 2 ). The change in the glass transition temperature was also interpreted as a result of effective interaction between polymeric chain and nanofillers. In case of attractive forces between the filler and the interfacial polymer, the mobility of the polymer chains is reduced and the glass transition temperature would increase [35, 36] . Better thermal behavior of MMT in comparison with CNT nanocomposites, results from better curing of MMT in epoxy matrix which matches with results of DFT calculations.
. . . Tensile Strain and Compressive Properties.
Tensile tests of neat epoxy, CNT, and MMT/epoxy nanocomposites specimens were conducted in two different speeds of 0.5 and 2 mm.min -1 in order to measure their tensile properties and the results are summarized in Table 3 .
Figures 7 and 8 exhibit the tensile parameter values of neat epoxy and nanocomposites made with optimum value of SWCNT and MMT. It can be considered that tensile strengths in epoxy matrix polymers are sensitive to the speed of the test and tensile modulus values tend to increase by reducing the speed. For neat epoxy and CNT nanocomposites in both 6 Advances in Polymer Technology speeds the tensile stress is maximum at the breaking point, and ultimate tensile strength and strain at break is almost unaffected by adding CNT to epoxy matrix, while ultimate tensile strength and strain at break dramatically increased in MMT nanocomposite and the strain-stress behavior in speed of 0.5 is completely different from CNT and neat composites. The results show both systems to be Fragile, so the compressive properties, which are good way to study fragile systems, were also used to measure the performance of nanocomposites.
Typical true stress-strain curves of cubic specimens loaded in static uniaxial compression were illustrated in Figure 9 . This figure shows the effect of optimum concentration of MMT and SWCNT on the compressive stress-strain behavior of epoxy. It was founded that both MMT and CNT enhanced the compressive strength of the epoxy. The results of compression content are summarized in Table 4 .
Nanoparticle-matrix interaction plays a major role in the properties of nanocomposites. The attraction forces between particles, due to the Van der Waals and electrostatic forces, affect the particle-particle interaction and deteriorate the composite's performances and improved mechanical properties can be achieved through improved interface between the particle and matrix [37] .
. . . Morphology Study. Scanning Electron Microscopy is used to reveal micro-structural information of fractured surfaces of composites. Figures 10 and 11 show SEM micrographs of fractured surface of CNT-epoxy and MMT-epoxy, respectively. The SWCNT/epoxy has shown uniform dispersion of SWCNT in epoxy matrix. SEM micrographs have shown dispersed montmorillonite in the matrix and the dispersion was found to be homogeneous. Some places also show the aggregated particles of the dispersal of individual silicate layers. This method investigated a small volume of bulk material in the overall morphology which the presence of such clay aggregates in the microstructure of nanocomposites is also reported by Kornmann et al. [38] and Yasmin et al. [39] .
Conclusion
In this study, the interaction energy of the bisphenol A epoxy monomer with two different nanofillers (SWCNT and montmorillonite) was assessed using DFT calculations. The calculated interaction energy for these two epoxy systems in the best situation was -0.11 eV for epoxy-SWCNT and -1.9 eV for montmorillonite epoxy nanocomposite. Calculated results showed that among two nanofillers the epoxy monomer prefers to be adsorbed on the montmorillonite and the interaction energy values obtained from the ab initio calculations are typical for the physical absorption for SWCNT-epoxy system where it was chemisorptions for montmorillonite-epoxy system. Also thermal and mechanical properties of SWCNT and MMT epoxy nanocomposites were tested in optimum loading of nanofillers. As it was predicted from calculations results, better improvement was achieved from MMT-epoxy nanocomposites rather than CNT-epoxy composites. This improvement would be caused of better interaction between montmorillonite surface and epoxy matrix. Finally, by performing thermal and mechanical analysis DFT calculation results have been proved.
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